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General Overview {#sec1}
================

Subtelomeres are regions immediately adjacent to the telomeric repeats. They consist of repetitions of heterogeneous sequences, and have, therefore, been difficult to map and sequence. Only recently has the complete assembly of subtelomeres become possible, thanks to the progress in sequencing techniques, as well as the use of high throughput optical mapping of large single DNA molecules in nanochannel arrays \[[@bib1]\], \[[@bib2], [@bib3], [@bib4], [@bib5], [@bib6]\]. While our understanding of subtelomeric structure and activity is still developing, accumulating data support the idea that subtelomeres are chromosomal entities with specific functions. To date, subtelomeres have been involved in (*1*) Telomere maintenance and regulation of telomere length (in budding yeast \[[@bib7],[@bib8]\], in fission yeast \[[@bib9]\], *Plasmodium falciparum* and Tetrahymena \[[@bib10],[@bib11]\]), (*2*) Proper chromosome segregation \[[@bib12]\], (*3*) Chromosome recognition and pairing during meiosis \[[@bib13]\], (*4*) Replicative senescence \[[@bib14],[@bib15]\], (*5*) Nuclear positioning of telomeres \[[@bib16]\], *(6)* Control of spreading of telomeric heterochromatin \[[@bib14],[@bib17]\]), *(7)* Phenotypic polymorphism and genome plasticity \[[@bib18],[@bib19]\], and finally, in (*8*) the regulation of TERRA transcription---a telomeric repeat-containing family of long noncoding RNAs (lncRNAs) transcribed into telomeric tracts from promoters embedded in subtelomeres \[[@bib20], [@bib21], [@bib22]\].

Telomere and subtelomere features {#sec1.1}
---------------------------------

Telomeres are nucleoprotein caps protecting chromosome ends from erosion and from DNA repair machinery that could recognize them as DNA breaks. Indeed, this could trigger the formation of chromosomal aberrations, such as end-to-end fusions, which would destabilize the genome. Telomeres are composed of tandem arrays of short double-stranded repeats and a single-stranded 3′G-overhang \[[@bib23],[@bib24]\]. Due to the so-called "end-replication problem," telomeres shorten with each cell division \[[@bib25]\]. Excluding those in *D. melanogaster* that are maintained thanks to a retrotransposon mechanism \[[@bib26]\], telomeres in all Eukaryotes are elongated by telomerase \[[@bib27],[@bib28]\]. Telomeric repeats are specifically bound by telomere-binding proteins, which in most organisms are called shelterin complex \[[@bib29]\]. Moreover, telomeres can fold into different structures, such as the well-known telomeric loop (T-loop; [Fig. 1](#fig1){ref-type="fig"}a \[[@bib30]\]) that protects the chromosome ends from unwanted fusions. To form this large loop, the single-stranded 3′G-overhang invades the homologous double-stranded region forming a displacement loop (D-loop \[[@bib31],[@bib32]\]). The G-rich telomeric repeats can also generate G-quadruplex structures ([Fig. 1](#fig1){ref-type="fig"}b \[[@bib33], [@bib34], [@bib35]\]). The most recently discovered telomeric R-loop (TRL) is a three-stranded structure that contains a DNA:RNA hybrid implicating TERRA ([Fig. 1](#fig1){ref-type="fig"}c). The TRL regulates telomere length and is instrumental in recombination \[[@bib36], [@bib37], [@bib38]\]. Telomeres are enriched in heterochromatic marks (H3K9me3, H4K20me3, the PRC2-repressive mark H3K27me3, DNA methylation, and heterochromatin protein 1 -- HP1; \[[@bib39], [@bib40], [@bib41], [@bib42], [@bib43]\], which spread through subtelomeric regions by a mechanism called Telomere Position Effect (TPE). The proper organization of this heterochromatic domain is important for the maintenance of telomere length through regulation of telomerase activity and through recombination (ALT mechanism---alternative lengthening of telomeres).Fig. 1**Overview of telomeric structures and potential molecular mechanisms of action of telomeric and subtelomeric transcripts**. Schematic representation of a chromosome highlighting the telomeres (rainbow squares) at its extremities. Telomeres (in yellow) are composed of tandem repeats bound by shelterin complex and telomerase, which elongates telomeric DNA. TPE intensity decreases toward the centromere. **a**. Schematic representation of a telomeric t-loop, including a displacement loop (D-loop). **b**. G-quadruplexes formed on a telomeric 3′G-overhang. **c.** Telomeric R-loop (TRL) constituted by RNAPII-transcribed TERRA and telomeric sequences. Additionally, G-quadruplexes can be formed by a single G-rich strand. **d**. Schematic DNA loop representing TPE-OLD and other telomere long-range interactions.Fig. 1

The size of subtelomeres varies greatly among organisms: ranging from 500 kb in each autosomal arm in humans, 100 kb in fission yeast to 10 kb in budding yeast. Furthermore, subtelomeres share little or no homology. Due to the presence of blocks of repeated homologous sequences, subtelomeres exhibit the highest instability in the genome \[[@bib44],[@bib45]\]. Various types of large-scale rearrangements shape subtelomeres, such as segmental duplication amplification, the formation of extended tandem repeat arrays, and extended deletions (as described for humans and plants \[[@bib2],[@bib3],[@bib46]\]). In consequence, subtelomeres are highly polymorphic \[[@bib18],[@bib46],[@bib47]\]. These allelic variations affect the expression of coding and noncoding RNAs embedded in or located near subtelomeres.

Although there is no sequence homology between subtelomeres of different organisms, their structures and features are similar \[[@bib48],[@bib49]\]. In general, they can be divided into two domains. The telomere-proximal region found immediately adjacent to the telomere is called TAS (Telomere Associated Sequence). TAS is gene-poor and contains homologous blocks of sequences highly conserved across many chromosome ends \[[@bib50],[@bib51]\]. The second domain, the telomere-distal region, which is centromere-proximal, contains sequences found at only a few chromosome ends, as well as sequences specific to a given subtelomeric region \[[@bib52]\]. Devoid of essential genes, telomere-distal regions harbor nonessential genes and multiple gene families \[[@bib53], [@bib54], [@bib55]\]. Tracts of degenerated telomeric repeats often separate these two domains (ITS, internal/interstitial telomeric sequences) (for general structure see [Fig. 2](#fig2){ref-type="fig"}). Furthermore, telomeres and subtelomeres form specialized heterochromatin structures, which are essential for chromosome stability \[[@bib17],[@bib46],[@bib56], [@bib57], [@bib58]\]. Two main mechanisms influence subtelomeric transcription at chromosome ends, Copy Number Variation (CNV) and Telomeric Position Effect (TPE). CNV modifies the number of subtelomeric sequences through recombination \[[@bib59]\]. TPE imposes transcriptional repression of nearby sequences \[[@bib60]\] by changing their chromatin state. It operates by histone modifications, a quantity of telomere-associated proteins (*cis*-spreading), and higher-order structures (long-distance looping). A variant of TPE, called TPE-OLD (telomere position effect over long distance \[[@bib61]\]; [Fig. 1](#fig1){ref-type="fig"}d), modulates the expression of target genes at any position in the genome by telomere looping \[[@bib60]\]. An important factor regulating TPE is telomere length. Telomere shortening provokes changes in the protein content within telomeres and subtelomeric regions, which, in turn, become less compacted and loose heterochromatin marks. This reduces TPE and TPE-OLD and leads to the activation of subtelomeric genes \[[@bib61]\].Fig. 2**Organization of subtelomeric regions in various organisms**. In general subtelomeres are composed of two regions: a telomere-proximal region also called TAS (for Telomere-Associated Sequences; in green) and a telomere-distal region (in red). Telomeric repeats are represented as a black arrow. In yeast *S. cerevisiae*, TAS can be found in two flavors: TAS containing Y′ elements or not (X-only subtelomeres). The X-core element contains ARS (ACS) sequences binding the Abf1 protein and STR repeats with Tbf1 protein-binding sites. The telomere-distal region encloses subtelomeric genes families. ITS (Interspersed/Interstitial/Internal Telomeric Repeats; in yellow) are more or less degenerated telomeric repeats present in TAS between X and Y′ elements. In *S. pombe*, TAS are called SH regions and contain *cenH* (centromere-homologous sequence) and telomere-linked helicases (*tlh*) encoded at chromosomes I (*tlh1*+) and II (*tlh2*+). These putative helicases are members of the recQ family and show sequence homology with the *dh* and *dg* repeats found at centromeres \[[@bib186]\]. The Sgo domain, shown in violet, represents a Sgo2-binding barrier, which controls the spreading of subtelomeric heterochromatin between proximal and distal regions. The telomere-distal region called "knob" contains chromosome-specific sequences and the nucleosome free region (NF) at its centromere-proximal end. In *P. falciparum*, six telomere-associated repeat elements (TARE1-6/Rap20) and several 12-base SPE sites (binding SPE2 interacting protein 2, PfSIP2) are located between *var* genes and TAS. 60 *var* genes are positioned in telomere-distal regions within subtelomeres; *rif* and *ste* genes are frequently found in their vicinity \[[@bib187]\]. In *G. domesticus*, tandem repeats *PO41, CNM, Eco*RI*/Xho*I and *PIR* compose TAS. In *H. sapiens*, Subtelomeric Repeats (SRE/Srpt) comprise about 25% of the most distal 500 kb and 80% of the most distal 100 kb of the chromosome ends \[[@bib50]\]. ITS repeats are found between different genetic elements. The TAR1 element, immediately adjacent to the telomeric repeats, is a variably sized (0--2 kb) sequence segment bearing similarity to the TAR1 repeat family.Fig. 2

Telomeric and subtelomeric regions can also form loops of various sizes with more or less distant genomic loci. Little is known about these structures as their existence has only recently been discovered thanks to chromosome capture methods. Described in yeast, as well as in human cells, they potentially change the transcriptional environment of the interacting regions \[[@bib62]\]. These looping interactions depend on telomere length. Of note, the implication of subtelomeric and telomeric transcripts has still not been addressed. Telomeric and subtelomeric sequences (ITS, ACS) are bound by various specific proteins, offering platforms for potential interactions. Among these proteins are telomeric repeat-recognizing factors like Rap1 protein and other members of the shelterin and silencing complexes (*i.e.,* SIR proteins). On-going subtelomeric and telomeric transcription modifies the state of these interactions by introducing newly-transcribed RNA into their structure, and by changing the chromatin state, as well as the content of interacting proteins \[[@bib62]\].

High throughput transcriptional analyses have provided evidence regarding the transcriptional activity of telomeres and subtelomeres and suggested that the production of sense and antisense lncRNAs is their common feature. We propose here a comprehensive characterization of subtelomeric transcripts recently discovered in different organisms: ARRET, αARRET \[[@bib63],[@bib64]\], subTERRA \[[@bib65]\], lncRNA-TARE/*var* \[[@bib66],[@bib67]\], PO41 \[[@bib68],[@bib69]\], WASH, DDX11L, RPL23AP7, D4Z4 \[[@bib2],[@bib55],[@bib70]\] and *L. infantum'*s subtelomeric transcripts \[[@bib71]\]), as well as telomeric repeats containing transcripts: TERRA, ARIA, and PAR-TERRA, whose transcription depends on or starts at subtelomeres. We suggest dividing them into two groups, transcripts with functions related or nonrelated to telomeres.

Transcripts with Telomere-Related Functions {#sec2}
===========================================

Here we present telomeric repeat-containing transcripts and subtelomeric transcripts whose transcription or binding impact telomere maintenance and function.

TERRA and other telomeric repeat-containing transcripts {#sec2.1}
-------------------------------------------------------

### TERRA {#sec2.1.1}

TERRA is a conserved evolutionary lncRNA containing mostly G-rich telomeric repeats. A tremendous quantity of data has been accumulated on TERRA expression in different cell-types or in specific conditions (e.g., stress, cancer, different developmental, or cell cycle states; reviewed in \[[@bib72], [@bib73], [@bib74], [@bib75]\]). TERRA is an integral component of a functional telomere. Deregulation of its expression or localization causes telomere dysfunction and genome instability \[[@bib20],[@bib76]\]. From a molecular point of view TERRA can (i) bind specific proteins, (ii) form secondary structures like G-quadruplexes \[[@bib77]\], and (iii) assemble in ternary DNA:RNA: protein complexes or DNA:RNA hybrids like in TRLs ([Fig. 1](#fig1){ref-type="fig"}c). Concerning telomere maintenance, TERRA acts through direct binding to telomerase components and through TRL formation in homologous recombination (ALT). In yeast and mammalian cells, higher TERRA levels correlate with increased numbers of TRLs, suggesting the importance of TERRA in regulating TRL formation. Interestingly, the ectopic expression of RNase H1, which specifically degrades RNA from DNA-RNA hybrids and resolves R-loops, reduced the DNA damage at telomeres \[[@bib78]\], indicating that the TRL level is crucial for telomere instability. The regulation and functions of R-loops have been extensively reviewed in Ref. \[[@bib38]\]. TERRA also impacts telomeric chromatin through interactions with shelterin and other telomere-interacting proteins like the Origin of Replication Complex (ORCs \[[@bib76]\]), RNA helicase ATRX \[[@bib79]\] or the RNA-binding protein hnRNPA1 \[[@bib80]\]. Those proteins may assist TERRA in binding to telomeres or to other factors in order to regulate its stability or accessibility. In this way, TERRA could facilitate telomere replication directly through the formation of RNA:DNA:protein ternary complexes \[[@bib81]\] or by binding to the ORCs \[[@bib76]\]. As mentioned, TERRA has been shown to directly bind to telomerase components in mice, humans, and yeast \[[@bib73],[@bib79],[@bib82]\]. In mammalian cells, TERRA inhibits telomerase *in vitro* \[[@bib57],[@bib82]\]. In the same line, ASO-TERRA (antisense oligonucleotides), depleting the *in vivo* level of TERRA, provoked an increase of telomerase activity in murine ES cells \[[@bib79]\], confirming TERRA's negative function in telomere lengthening. In contrast, in fission and budding yeast, TERRA transcription is induced at short telomeres \[[@bib83],[@bib84]\], which rather suggests a positive role for TERRA in regulating telomere length. Thus, the molecular mechanism of TERRA's activity may not be conserved across species. Accordingly, we chose to present the telomeric and subtelomeric RNA features in different organisms.

### Mammalian TERRA {#sec2.1.2}

Human and mouse telomeres are composed of TTAGGGn repeats conserved in all vertebrates. Human telomeres are quite short (5--15 kb) compared to mouse telomeres, which are 20--100 kb-long. This size variation could be explained by the differences in telomerase activity, which is active in embryonic nondifferentiated stem cells in both organisms but inactivated in differentiated human cells \[[@bib85]\]. TERRA is transcribed from promoters embedded in subtelomeric regions toward the telomere. Its 5′-end contains subtelomeric sequences but is rather considered as a telomeric transcript since it consists of mostly tandem arrays of G-rich telomeric repeats. TERRA length is heterogeneous. It depends on the length of telomeric repeat tracts, the number of transcribed repeats, and the location of its Transcription Start Site (TSS) in subtelomeres. Using (TG) repeat probing by Northern blot experiments, TERRA appears as a smear of 0.2--10 kb in human and mouse cells. TERRA is transcribed by RNA Polymerase II (RNAPII \[[@bib86]\]) and is (m7G)-capped \[[@bib20]\]. There are two major TERRA fractions: long-lived polyadenylated, and short-lived nonpolyadenylated (in humans cancer cells, half-lives of 8 to less than 3 h, respectively; \[[@bib20], [@bib21], [@bib22]\]. The polyadenylation status also impacts TERRA localization; polyadenylated molecules are found within the nucleoplasm while nonpolyadenylated localize to telomeres \[[@bib87]\]. This suggests that different fractions have different fates and functions.

Human subtelomere regions are a patchwork of segmental duplications and structural variations, which vary from telomere to telomere \[[@bib48],[@bib55],[@bib88]\]. Numerous studies have identified subtelomeres as hotspots of DNA breakage and repair. These hotspots allow interchromosomal recombination, and in consequence, the rapid evolution of subtelomeric regions, as well as the prevalence of large CNVs \[[@bib3]\]. For simplifying, the subtelomeric region can be divided into two parts, depending on its general structure ([Fig. 2](#fig2){ref-type="fig"}): the telomere-proximal TAS sequences containing the TAR1 repeats and the telomere-distal part containing the subtelomere repeats (Srpt or SRE). These elements can be interspersed by internal (TTAGGG)n-like sequences (ITS \[[@bib88]\]). The TAR1 region is composed of sequences variable in size (0--2 kb), similar to the TAR1 repeat family \[[@bib89]\] and found at nearly all telomeres ([Fig. 2](#fig2){ref-type="fig"}). The subtelomeric repeat part encompasses the first 500 kb adjacent to each telomere and contains a high degree of segmental duplication. These duplicated sequences are also termed subtelomere duplicon blocks. Patterns of duplicated blocks in the first 25 kb of the subtelomere are shared between related subtelomeres, defining six duplicon families and seven unique subtelomeres (7q, 8q, 11q, 12q, 14q, 18q, XpYp \[[@bib55]\]). The most recent and detailed subtelomeric sequence maps have been established by high-throughput single-molecule mapping \[[@bib5]\], and a public browser of subtelomeric regions is available at [www.vader.wistar.upenn.edu/humansubtel](http://www.vader.wistar.upenn.edu/humansubtel){#intref0010} \[[@bib4]\]. The subtelomeric region exhibits heterochromatic features; it is enriched with HP1, histone methylations H3K9me3, and H4K20me3 \[[@bib43]\]. Furthermore, subtelomeric histones are hypoacetylated, and subtelomeric DNA is heavily methylated by DNA methyltransferases DNMT1, DNMT3a, DNMT3b \[[@bib40]\].

Both genetic and epigenetic subtelomeric elements regulate TERRA levels \[[@bib76],[@bib90],[@bib91]\], but still, little is known about TERRA promoters and transcriptional regulators. To date, they have been characterized only in humans and mice. Initially, it was proposed that each chromosome produced TERRA. Putative promoters have been identified at almost all subtelomeres in humans \[[@bib90]\]. Then, further analysis discriminated two different types of promoters: those close to the telomeric repeats (at 8 chromosome ends) and those more distal (at 10 chromosomes), located at 5--10 kb from the telomeres \[[@bib87]\]. More recently, it has been shown that chromosome 20q is the main TERRA locus in human cells \[[@bib42]\]. The deletion of the 20q subtelomere region by the CRISPR-Cas9 method caused a significant decrease in TERRA levels, which led to the loss of telomere sequences, telomere de-protection and the induction of a massive DNA damage response \[[@bib42]\]. In the same line, only two mouse chromosome ends have been shown to be responsible for TERRA production (chromosome 18 and 9 \[[@bib92]\]). TERRA proximal promoters in mice and humans contain CpG-island sequences, but only in mouse cells are these sequences sensitive to DNA methylation by DNMT1 and 3b to repress TERRA transcription \[[@bib93]\]. The chromatin at TERRA TSSs is enriched for active promoter histone-dedicated marks (such as H3K4me3) even though the predominant histone marks at the subtelomeres remain those associated with transcriptional repression and condensed chromatin, H3K9me3, and H4K20me3, respectively. CTCF, the transcriptional repressor, and insulator, form a barrier against the spreading of heterochromatin from telomeric repeats, and at the same time, control islands of open chromatin encompassing TERRA's TSSs. Most of the human subtelomeres contain CTCF- and cohesin-binding sites within 1--2 kb of the telomeric repeats, which are proximal to CpG-islands controlling TERRA transcription \[[@bib94]\]. It was proposed that CTCF recruits RNAPII and a cohesin ring at TERRA's TSSs to orientate RNAPII transcription toward the telomere \[[@bib4],[@bib94]\]. Interestingly, subtelomeric CTCF and cohesin (Rad21) also impact the binding of TRF1/2 proteins, two members of the shelterin complex, at telomeres and subtelomeres. In the same line, TRF2 depletion was shown to up-regulate TERRA \[[@bib22]\]. This suggests that subtelomeres and telomeres communicate and that secondary loop-like structures could form and impact chromatin composition and TERRA transcription. Thus, it is likely that the transcriptional status of telomeres and the long-range epigenetic regulation interplay, which may indicate extra-telomeric functions for TERRA.

In contrast to these telomere-related functions, TERRA has recently been shown to be a part of genome-wide mechanisms regulating polycomb recruitment to pluripotency and cell-fate genes in mouse embryonic stem cells \[[@bib95]\]. Earlier observations already suggested the role of the TRF1 shelterin protein in the regulation of pluripotency and tissue reprogramming. TRF1 is overexpressed in ES and iPS cells (induced pluripotent cells), in de-differentiated cells, as well as in the blastocyst inner membrane \[[@bib96],[@bib97]\]. On the other hand, TRF1 depletion led to an important increase in TERRA levels \[[@bib87],[@bib98]\]. Moreover, TRF1 has been previously shown to bind to the H3K27me3-rich regions in the genome and to interact with PRC2 in human models \[[@bib79]\]. Inspired by these facts, Marion and colleagues (2019) assessed the genome-wide impact of TRF1 down-regulation in a murine model. They showed that upon TRF1 depletion, TERRA levels were greatly increased, correlating with enhanced association with PRC2-controlled (Polycomb Repressive Complex) genes \[[@bib95]\]. Consequently, the lack of TRF1 decreased the expression of pluripotency genes and increased the expression of differentiation genes. This study indicates that TERRA could act as a factor binding specific chromatin domains to mediate the recruitment of Polycomb proteins (SUZ12 \[[@bib95]\]).

### TERRA in *S. cerevisiae* {#sec2.1.3}

In budding yeast *S. cerevisiae,* chromosome ends are classified in one of two types: X or Y'. X elements, composed of X core and associated variable sequences, are found in various forms at all chromosome ends. Most of the core X elements are approximately 475 bp long and contain an X-ACS region (ARS consensus sequence, which binds the Origin of Replication Complex/ORC \[[@bib99]\]) and the conserved Abf1, a general regulatory factor binding site. The Y′ end (long or short, 6.7 kb or 5.2 kb, respectively) is found in about 70% of telomeres. It appears in 1--4 tandem copies separated by short tracks of (TG1-3)n telomeric repeats (ITS, internal telomeric sequences), which also border subtelomeres at the centromere-proximal end. Moreover, the telomeric repeats, X and Y' elements are separated by small subtelomeric repeat sequences (STRs) that can vary in copy number. STRs contain potential binding sites for Tbf1p (DNA binding general regulatory factor). ITS and ARS sequences act as proto-silencers. X, as well as Y′ sequences, differ among telomeres by short, multiple insertions and/or deletions that correlate with a high frequency of recombination among subtelomeric regions \[[@bib99],[@bib100]\]. Consequently, yeast subtelomeric regions are mosaic structures, which show a broad diversity not only among different strains but also within a population of the same strain. This heterogeneity is targeted by a variety of protein factors \[[@bib101]\], leading to a tremendous diversity in chromatin structure and transcriptional output among individual chromosomal extremities \[[@bib102]\]. Sequences of the last 30 kb of each chromosomal end, along with alignments of relevant subtelomeric elements, can be found at <https://www2.le.ac.uk/colleges/medbiopsych/research/gact/resources/yeast-telomeres/telomere-data-sets> \[[@bib103]\]. Telomeric repeats in yeast are not organized in nucleosomes but are folded into multimers of the DNA-binding protein Rap1 (Repressor Activator Protein 1 \[[@bib104]\]), which is recognized by different complexes. The Rap1-C-terminal domain binds Rif1 and Rif2, inhibiting telomerase activity and telomere lengthening \[[@bib105]\], and tethers the silencing factors Sir3 and Sir4 \[[@bib106]\], recruiting the NAD-dependent histone deacetylase Sir2p \[[@bib107]\]. Sir2-mediated hypoacetylation of histones H3 and H4 creates a favorable environment for binding of Sir3 protein. Repetitive cycles of deacetylation and binding of Sir3 lead to the spreading of the SIR complex and transcriptional repression of the subtelomeric regions \[[@bib108]\]. Sir2, Sir4, and Sir3 genomic occupancy are circumscribed to heterochromatin by Set1 and Dot1-mediated histone methylation \[[@bib109],[@bib110]\], regulating both subtelomeric repression and the activity of a subset of promoters throughout the genome \[[@bib106],[@bib111], [@bib112], [@bib113]\].

Yeast telomeres impose transcriptional repression on subtelomeres through TPE \[[@bib114], [@bib115], [@bib116]\]. Contrary to telomeric repeats, subtelomeres contain histones. The X core is transcriptionally inactive, with large histone-free regions and low acetylation of histone H4 (H4K16). Y′ elements, especially the distal ones, are mostly euchromatic. X and Y′ elements underlie the maintenance of telomeric DNA through recombination \[[@bib117]\] when cells enter into crisis and early senescence. Upon telomerase loss, telomeres can still be lengthened through ALTs \[[@bib118]\]. The Type I (ALT1) results in multiple tandem Y' elements that arise predominantly through replication-dependent recombination \[[@bib117]\]; The type II (ALT2), probably lengthens TG1-3 tracks *via* rolling circle-mediated replication \[[@bib119]\] and exhibits an increase of telomeric repeats. Extensive and comprehensive insights into yeast transient subtelomere associations and telomere biology are described in Ref. \[[@bib120]\].

Yeast TERRA, which ranges from a few hundred to around 1.2 kb in length is rapidly degraded by the Rat1 exonuclease \[[@bib86]\]. The impact of the subtelomeric region on TERRA transcription has been well studied in yeast, as has the importance of subtelomere structure on TERRA transcription and degradation \[[@bib121]\]. Several TERRA TSSs have been identified on different chromosome ends*.* At Y′ telomeres, TERRA is repressed by the Rap1p-binding proteins Rif1/2, while the Sir2/3/4 complex has only a minor negative role. At X-only telomeres, both the Sir2/3/4 complex, as well as the Rif1/2 proteins, are important for promoting TERRA repression \[[@bib121]\]. Moreover, TERRA transcription depends on telomere length and is probably affected by shortening-induced changes in subtelomeric chromatin structure. Experiments designed to monitor TERRA transcripts in single yeast cells by RNA fluorescence *in situ* hybridization (FISH), showed that telomere shortening induced TERRA expression. Overexpressed TERRA accumulated in a single perinuclear focus \[[@bib83]\]. In the S phase, these foci form telomerase clusters, called T-Recs, suggesting that TERRA may act as a scaffold for the recruitment of telomerase to shorten telomeres \[[@bib83]\]. Using cells lacking telomerase activity has further refined the characterization of this mechanism. Telomerase negative cells enter senescence due to critically short telomeres \[[@bib122]\] that can be repaired by homology-directed repair (HDR). Graf and colleagues \[[@bib123]\] have recently shown that TERRA accumulates at these very short telomeres, similarly to HDR-promoting RNA-DNA hybrid R-loops (for comprehensive review see Ref. \[[@bib38]\]). TERRA downregulation reduced the level of telomeric R-loops, and in consequence, decreased levels of telomeric recombination in *cis* \[[@bib124]\]. On the other hand, the upregulation of TERRA expression promoted recombination \[[@bib125]\]. Thus telomeric R-loops mediate recombination at telomeres and induction of ALT type II survivors. Since telomeric R-loops form preferentially at short telomeres, they could prevent replicative senescence in telomerase-negative cells when the TERRA level is sufficient. Interestingly, the Rat1 nuclease, responsible for TERRA degradation, is locally depleted at short telomeres and preferentially recruited by the Rif2 protein at long telomeres \[[@bib123]\].

### Fission yeast's TERRA {#sec2.1.4}

Fission yeast possesses three chromosomes with subtelomeres of approximately 100 kb. Chromosomes II and I contain telomeric repeats followed by Subtelomeric Heterochromatin (SH) sequences and a variety of genes. Chromosome III subtelomeres contain arrays of ribosomal DNA repeats \[[@bib14],[@bib56]\]. The sequence of *S. pombe* subtelomeres can be found at <http://www.pombase.org/status/sequencing-status>. The telomere-proximal TAS region ([Fig. 2](#fig2){ref-type="fig"}) spans 50 kb and is composed of multiple segments of homologous sequences. The TAS heterochromatin is established at the centromere-homologous (*cenH*) sequence located in the SH region *via* the telomere-associated shelterin proteins and the RNAi machinery \[[@bib56],[@bib126],[@bib127]\]. The telomere-distal region composed of unique sequences spans an additional 50 kb and forms a highly condensed particular chromatin structure called knob \[[@bib128]\]. The levels of histone modifications at the knob region are particularly low when compared to adjacent chromosome euchromatin and to telomere-proximal subtelomeric heterochromatin \[[@bib129]\]. The telomere-proximal region is characterized by high levels of H3K9me2 and the telomere-distal by low-levels of H3K9me2 \[[@bib56]\]. The spreading of subtelomeric heterochromatin is controlled by a Shugoshin family protein, Sgo2, which serves as a barrier between telomere-proximal and -distal subtelomeres (\[[@bib130]\], [Fig. 2](#fig2){ref-type="fig"}). Moreover, to prevent the spreading of heterochromatin into the chromosome, the telomere-distal knob is bordered by a nucleosome-free region. These important security mechanisms suggest that limiting the spread of telomeric heterochromatin is an important role of subtelomeric regions. Since *S. pombe* harbors only three chromosomes, the subtelomeric sequences can be relatively easily deleted, making possible the analysis of the lack of subtelomeres.

Surprisingly, experiments determining the role of subtelomere by complete deletion showed that the absence of the SH regions had no effect on mitotic cell growth, meiotic program, cellular stress responses, and telomere length \[[@bib14]\]. However, recent experiments showed that epigenetic stability of subtelomeric chromatin is specifically controlled by TOR2, a major regulator of eukaryotic cellular growth \[[@bib131]\], indicating that the subtelomere's state responds to cellular growth conditions. Upon telomerase loss, subtelomeric deletions triggered inter- or intra-chromosomal circularized chromosomes. Furthermore, fusion around subtelomeres had occurred within homologous genomic regions---paralogous genes and LTRs---evidencing the importance of subtelomeres for telomere maintenance \[[@bib14]\].

The role of SH regions in protecting gene expression was demonstrated by measuring the spreading of H3K9me2 using ChIP in strains lacking individual SH regions. In these strains, SH-adjacent subtelomeric regions were invaded by heterochromatin, which provoked gene repression in these regions \[[@bib14]\]. Recent analyses demonstrated that TAS regions are highly recombinogenic and comprise a unique chromatin structure that is characterized by low levels of nucleosomes \[[@bib9]\]. These characteristics are independent of TAS chromosomal position but are an intrinsic feature of these AT-rich sequences, as shown by their ectopic localization. TAS particular chromatin state is maintained by the interaction between shelterin protein Ccq1 and two heterochromatic repressor complexes, CLRC and SHREC \[[@bib9]\]. All these elements suggest a role of subtelomeres in organizing chromatin and protecting gene expression homeostasis. This nucleosome-poor region marked by histone inactive marks serves as a buffering zone to protect the expression of subtelomeric genes from TPE. The telomere-distal subtelomere element organized into knob comprises chromatin boundaries that further block heterochromatin spreading \[[@bib14]\].

The family of the fission yeast telomeric RNAs comprises the telomeric G-rich TERRA and the complementary C-rich transcripts, named ARIA (described below \[[@bib63],[@bib64]\]). TERRA in *S. pombe* is transcribed by RNAPII, and only 10% of transcripts are polyadenylated. Polyadenylation has an impact on TERRA steady-state levels \[[@bib63]\] and properties. For example, Trt1, the telomerase catalytic subunit, interacts only with polyadenylated molecules that lack large telomeric repeats. These TERRAs are spread in the nucleoplasm \[[@bib84]\]. As in budding yeast, *S. pombe* TERRA levels increase when telomeres shorten. This polyadenylated fraction was suggested to tether telomerase present in the nucleus to the short telomeres. Recently, the generation of "transcriptionally inducible telomeres" evidenced that TERRA transcription stimulated telomere elongation in *cis* through telomerase action \[[@bib84]\]. A detailed description of TERRA transcriptional regulation in *S. pombe* is presented below, together with subtelomeric transcripts. TERRA transcriptional regulation is mainly controlled by the Rap1 protein and its regulator Cactin \[[@bib84],[@bib132]\].

ARIA {#sec2.2}
----

ARIA is a class of transcripts containing C-rich telomeric repeats, in which the telomere itself acts as a promoter \[[@bib63]\]. ARIA is negatively regulated by Rap1 and Taz1 proteins, homologues of mammalian RAP1 and TRF1/2 respectively. Its transcription is neither affected by heterochromatin assembly factors (Clr4, Swi6) nor by mutations in the RNAi machinery (Dcr1, Rdp1, and Ago1-lacking cells). The role of ARIA is unknown, but its transcription regulation seems to directly depend on telomeric proteins, which suggests telomere-mediated function.

The existence of complementary telomeric transcripts (TERRA-ARIA) suggests that they may form double-stranded (ds)RNA intermediates, which could participate in gene silencing and the formation of heterochromatin. This could occur by at least two mechanisms, co-transcriptional gene silencing (CTGS) or post-transcriptional gene silencing (PTGS). CTGC is achieved by the degradation of nascent RNA and depends on both active transcription and the chromatin state of the transcribed locus. The siRNAs that guide chromatin-modifying enzymes in order to establish heterochromatin are generated from the "target" locus. PTGS comes in two flavors, (i) RNAi-mediated, which depends on chromatin modifications and involves siRNA and (ii) RNA-decay-mediated implicating recognition and modification of heterochromatic RNA by the Cid14/Trf4 complex and its degradation by the exosome. To date, no siRNA processed from telomeric and subtelomeric RNA pairs have been detected in fission yeast \[[@bib64]\], suggesting that telomeric transcripts are not controlled via RNAi. However, the equivalent of ARIA-TERRA processing intermediates has recently been found in *Arabidopsis thaliana* \[[@bib133]\].

PAR-TERRA a novel variant of TERRA {#sec2.3}
----------------------------------

PAR-TERRA is a novel telomeric repeat-containing RNA. As shown by FISH experiments, only a fraction of total TERRA localizes to the telomeres (about 40% in humans; only a small amount in mouse cells). TERRA localization changes during differentiation; it co-localizes with the inactive X-chromosome (Xi) in differentiated cells, whereas in embryonic stem cells (murine and human), a significant TERRA fraction was found at the proximity of both sex chromosomes \[[@bib21],[@bib134]\]. X-chromosome inactivation in early development has been intensively studied. It involves the X-inactivation center (XiC), which is composed of three noncoding genes *Xist*, *Tsix,* and *Xite* (reviewed in Ref. \[[@bib135]\]). Analysis of the link between TERRA and noncoding transcription of sex chromosomes in mESCs showed that subtelomeric pseudoautosomal regions (PAR) from both sex chromosomes are transcribed \[[@bib136]\]. Produced lncRNA was called PAR-TERRA \[[@bib97]\]. As shown by Northern blot and FISH analyses, PAR-TERRA co-localizes with TERRA and has the same size distribution. Mechanistically, PAR-TERRA could tether PAR regions that initiate XiC pairing and lead to the inactivation of X-chromosome \[[@bib136]\]. This suggests a nontelomeric function for this novel class of transcripts.

subTERRA in *Saccharomyces cerevisiae* {#sec2.4}
--------------------------------------

The yeast *S. cerevisiae* expresses subtelomeric lncRNAs called subTERRA \[[@bib65]\]. SubTERRA is a family of heterogeneous and mostly unstable ncRNAs produced from Y′ subtelomeres. SubTERRA transcripts can clearly be distinguished from TERRA since they do not cover the terminal telomeric repeats. The size of yeast subTERRA transcripts ranges from 0.5 to 9 kb. They are RNAPII-dependent and are mainly regulated at a post-transcriptional level. Y′ antisense (reverse) transcription has previously been detected in mutants defective for RNA degradation pathways; reverse Y′ transcript accumulated in *trf4* \[[@bib137]\] and in *rat1-1* mutants (as for the fission yeast's ARRET \[[@bib86]\]), already suggesting that these silenced regions are transcribed into unstable ncRNAs. While present at low levels in wild type cells, subTERRA strongly accumulates in mutants for both cytoplasmic (Xrn1p) and nuclear RNA decay pathways (Trf4p), indicating that these two RNA degradation pathways are implicated in subTERRA degradation. Each degradation pathway is specific to the different set of transcripts: subTERRA-CUTs (Cryptic Unstable Transcripts \[[@bib138],[@bib139]\]), sensitive to nuclear degradation, are transcribed toward the centromere, and subTERRA-XUTs (Xrn1-dependent Unstable Transcripts \[[@bib140]\]) are preferentially degraded in the cytoplasm by Xrn1p ([Fig. 3](#fig3){ref-type="fig"}) and transcribed toward the telomere.Fig. 3**lncRNA expressed at subtelomeric regions**. The telomere-proximal region is shown in green and the telomere-distal region in red. In various species, TERRA (G-rich) is transcribed from subtelomere-embedded promoters through telomeric repeats (black arrow) and contains subtelomeric sequences at its 5'. Telomeric repeats produce also ARIA (C-rich) transcripts composed exclusively of telomeric sequences. lncRNA species encoded within TAS regions are depicted in green. Upper transcripts are transcribed toward the telomere (subTERRA-XUT in *S. cerevisiae (S.c)*, αARRET in *S. pombe (S.p)*, PO41 in *G. domesticus (G.d)*, subtelomeric transcripts in *L. infantum* (*L.i*) and lncRNA-TARE in *P. falciparum (P.f*)). lncRNAs transcribed toward the centromere (subTERRA-CUT in *S. cerevisiae*, ARRET in *S. pombe*, PO41 in *G. domesticus*, subtelomeric transcripts in *L. infantum*) are represented below. In *P. falciparum* different *var* transcripts are produced from *var* genes (pink rectangle); *var* coding full-length transcript (red line), and *var* sterile noncoding transcripts (dashed red lines) transcribed in both direction from the intron. TAS and telomere-distal regions harbor specific chromatin states represented here as arrays of violet and blue nucleosomes. Decreasing TPE direction is shown. *H.s* stands for *Homo sapiens, M.m* for *Mus musculus.*Fig. 3

Certain similarities can be observed between TERRA and subTERRA. Like TERRA, subTERRA localizes in the nucleus and the expression of both transcripts is cell cycle-regulated. However, they are anticorrelated and can hardly be found in the cell at the same time, at least at detectable levels. TERRA is mainly degraded by Rat1 exonuclease prior to telomere replication. This prevents the generation of new telomere R-loops, which in excess could be harmful to the cell \[[@bib123]\]. subTERRA accumulates before cells enter the S phase *i.e.* before cells start to replicate their DNA. This suggests that an increased transcription level or accumulation of subTERRA could be necessary for the establishment of open DNA replication-prone structures in subtelomeric regions. Alternatively, increasing subTERRA could control the formation of S-phase-specific RNP-molecules required for telomere replication and elongation by telomerase. The role of subTERRA is not clear yet. Direct experiments aiming at its overexpression using GAL1-induced promoters have not enabled conclusions regarding an RNA-mediated function. Furthermore, cells have shown no or heterogeneous phenotypes regarding their growth and effects on silencing or replicative senescence (\[[@bib65]\] and our unpublished data). However, indirect experiments using RNA decay mutants have shown specific phenotypes in mutants accumulating different sets of subTERRA transcripts and suggested a subTERRA action in *cis*. The effect of subTERRA transcript accumulation on TPE was tested using the native reporter system with a URA3 reporter gene integrated into nonmodified subtelomere Y' sequences at telomere IXL \[[@bib50]\]. These experiments showed that subTERRA-CUTs enhanced TPE. On the other hand, the accumulation of subTERRA-XUTs counteracted telomeric clustering and strongly affected the number of telomeric *foci*, suggesting a role of this subset of transcripts in telomere clustering. Interestingly, Rap1 protein was shown to be a negative regulator of subTERRA, acting rather post-transcriptionally by promoting subTERRA degradation. Altogether, those experiments suggest that subTERRA could be produced to facilitate the establishment of specific heterochromatic states of subtelomeric chromatin and should be taken into account in the complex picture of telomere metabolism regulation. The mechanism of action is not known, but an interesting idea is the possibility of complementary transcript pairing and the formation of dsRNAs. This could only be possible if all, sense and antisense, subTERRA transcripts are present in the same cell. Since *S. cerevisiae* is devoid of an RNAi pathway, the role of helicases \[[@bib141]\] and RNases should be more carefully evaluated in single-cell dedicated experiments.

ARRET, αARRET -- Schizosaccharomyces pombe {#sec2.5}
------------------------------------------

Extensive characterization of sub- and telomeric transcripts by two groups \[[@bib63],[@bib64]\] allowed the discovery of ARRET and its antisense called αARRET. These subtelomeric RNAs are complementary to the centromere-proximal subtelomeric region of TERRA but lack telomere repeats (see [Fig. 3](#fig3){ref-type="fig"}). Both transcripts seem to be RNAPII-dependent as Chromatin Immunoprecipitation (ChIP) experiments show the localization of RNAPII at their TSSs. In addition, the αARRET cellular levels decrease upon functional inactivation of the RNAPII subunit Rpb7 \[[@bib63]\]. The large majority of ARRET and αARRET are polyadenylated, and the differential polyadenylation by Cid12 and Cid14 impacts their steady-state levels \[[@bib63]\].

The expression of telomeric and subtelomeric transcripts is differentially regulated in *S. pombe*. Telomere-associated proteins control telomeric and subtelomeric lncRNAs. Heterochromatin assembly factors (Clr4, Swi6) are only important for subtelomeric transcription \[[@bib64]\] as *clr4* and *swi6* mutants exhibited increased levels of subtelomeric transcripts while the level of telomere repeat-containing transcripts remained unchanged \[[@bib64]\]. Rap1, telomere-associated protein, and a member of the shelterin complex restricts RNAPII binding to TERRA TSS \[[@bib64]\]. When there was a lack of Rap1 or Taz1 (another member of shelterin), both subtelomeric and telomeric RNAs accumulated. This suggests that Rap1 and Taz1 telomere-associated proteins are implicated in the regulation of subtelomeric and telomeric RNA expression at the transcriptional level. Access of RNAPII to the subtelomeric promoter/s may depend on the telomere state, *i.e*., closed at long telomeres or open at short ones \[[@bib84]\].

The transcriptional control of the telomere and subtelomere lncRNAs remains poorly characterized, and transcriptional activators/repressors and RNA factors binding the telomere-associated transcripts have still not been extensively studied. Recent works addressing this question showed that Translin (Tsn1) and Trax (Tfx1) proteins, two highly conserved nucleic acid-binding proteins implicated in RNA regulation, both reciprocally regulate sub- and telomeric transcripts \[[@bib142]\]. Trax represses subtelomeric ARRET while Translin induces its transcription. *Vice versa*, Translin represses TERRA transcripts whereas Trax maintains high levels of TERRA. This reveals a novel regulation mechanism of telomere-associated transcription and potential functional implications for TERRA and subTERRA in physiological contexts \[[@bib142]\].

The comparison of the fission and budding yeast telomere-associated transcriptomes shows obvious analogies, suggesting functional conservation between these two yeasts for telomere metabolism. The budding yeast's subTERRA family \[[@bib65]\] share properties with ARRET and its complementary αARRET species and suggests that the only, still nonidentified transcript, ARIA, should be carefully looked at in budding yeast. Both organisms use noncanonical poly(A) polymerases for polyadenylation of telomere-associated transcripts; Cid14 and Trf4, component of the TRAMP complex in *S. cerevisiae*, are functional homologues. This suggests that polyadenylation is a mark directing these RNAs for decay by the exosome. Differential cellular localization and stability of polyA+ and polyA- TERRA fractions supports this idea \[[@bib22],[@bib87]\]. Finally, analogous to subTERRA transcripts in budding yeast*,* the Rap1 telomeric protein impacts the expression of subtelomeric and telomeric transcripts in *S. pombe*.

As for telomeric transcripts, the existence of two subsets of subtelomeric transcripts suggests that they form dsRNA intermediates, which could participate in gene silencing and the formation of heterochromatin. Although the implication of an RNAi machinery has not been evidenced in the regulation of subtelomeric transcripts, one should bear in mind that the analyses of subtelomeric regions (DNA sequences and the transcriptome) are technically challenging. Therefore analyses of these regions are still not exhaustive. Indeed, subtelomeric siRNAs located several kilobases upstream of ARRET 3' ends have only been detected recently in *S. pombe* \[[@bib56],[@bib63]\].

Transcripts With NonTelomeric Functions {#sec3}
=======================================

This chapter describes transcripts with different functions, mostly *sensu stricto* subtelomeric transcripts that do not contain telomeric repeats.

var and lncRNA-TARE -- fascinating chromosome ends in Plasmodium falciparum {#sec3.1}
---------------------------------------------------------------------------

The subtelomeric regions of the protozoan malaria parasite *Plasmodium falciparum* follow the general organization scheme and consist of two regions: telomere-associated sequences (TAS) neighboring telomeric repeats and the telomere-distal region harboring members of gene families coding for virulence factors, including *var* genes responsible for antigenic variation and cytoadhesion \[[@bib143],[@bib144]\]. TAS region (20--40 kb) is composed of six different telomere-associated repetitive elements (TARE 1 to 6) and has a highly conserved organization. Six TAREs are positioned in the same relative order within all chromosomes, while their sizes and DNA sequences are polymorphic \[[@bib145]\]. The closest to the telomere, TARE-1, is built of tandem repeats, and its size varies between 0.9 and 1.9 kb. TARE-2 is 1.6 kb long and consists of a 135-bp long, degenerated sequence repeated 12 times, interspersed by two distinct 21-bp sequences \[[@bib145]\]. TARE-3 is composed of three to four repeated elements of 0.7-kb. TARE-4 ranges from 0.7 to 2 kb. It is composed of highly degenerated, short repeats, and an interspersed nonrepetitive sequence of 230 bp. TARE-5 varies from 1.4 to 2 kb and is composed of moderately degenerated tandem repeats of 12 bp (5′ ACTAACA(T/A)(C/G)A(T/C)(T/C)). TARE-6 corresponds to the Rep20 element, which contains a degenerated 21-bp sequence (\[[@bib146]\]; [Fig. 2](#fig2){ref-type="fig"}). Its length varies from 8.4 to up to 21 kb.

*P. falciparum* chromosome ends form clusters at the nuclear periphery (four to seven telomeres per cluster), facilitating ectopic recombination among heterologous subtelomeric chromosome regions, including genes coding for virulence factors \[[@bib47]\]. In experiments analyzing deletions of TAS, the localization of chromosome ends to the nuclear periphery was not affected while cluster formation was. This suggests that chromosome ends lacking subtelomeric regions can dissociate from clusters \[[@bib10]\]. Like in fission and budding yeast, TAS deletions do not detectably affect the parasite's life. However, as already described for *S. pombe*, TAS regions serve as spacers, separating different chromatin states and protecting subtelomeric genes, like *var* genes, from TPE. Moreover, deletions of regions containing TAS provoked elongation of telomere repeats, suggesting that TAS elements are responsible for telomere length homeostasis \[[@bib10]\]. The mechanism responsible for this effect is still not known, but it has been suggested that chromosome end folding may play a role in the process.

The *var* gene cluster constitutes a particular part of the subtelomeric region in *P. falciparum*. *var* genes are located downstream of TARE-6 (Rep20 \[[@bib147]\]). The *var* gene family codes for PfEMP1 (erythrocyte membrane protein 1), which is expressed at the surface of infected erythrocytes. For avoiding clearance by the host's anti-PfEMP1 antibodies, *P. falciparum* can change the variant form of expressed PfEMP1. Thus, *P. falciparum* evades the host's immune response by switching expression of the *var* gene family coding for variant surface proteins. However, only one *var* gene expresses full-length transcripts in any one parasite, while other members of this family are kept silent \[[@bib148]\]. Antigenic variation of PfEMP1 is generated through *in situ* activation of a silenced *var* gene and does not involve recombination. Duraisingh and colleagues \[[@bib149]\] showed that PfSir2 protein, a homolog of yeast Sir2 histone deacetylase, is implicated in *var* gene silencing. Moreover, experiments with reporter genes inserted in subtelomeric locations showed that (i) local chromatin structure determines whether the transcriptional machinery has access to the *var* genes and (ii) *var* gene transcriptional activation depends on their nuclear location \[[@bib149]\]. The importance of histone acetylation, histone methylation, and the propagation of heterochromatin in the control of *var* genes has been well documented \[[@bib150], [@bib151], [@bib152], [@bib153]\]. Recent data has shown that *var* silencing implicates lncRNA sense and antisense *var* transcripts produced from intron-containing bi-directional promoters \[[@bib154]\] that participate in chromatin structure regulation. Two promoters regulate each *var* gene \[[@bib155], [@bib156], [@bib157]\]; the upstream promoter from the only expressed gene produces *var* mRNA, while the intron promoter produces a noncoding RNA \[[@bib158]\]. Surprisingly, the transcriptional activity of the intron promoter is required for the silencing of the upstream *var* promoter \[[@bib155],[@bib157],[@bib159]\]. The first detected noncoding transcript transcribed from a *var* intron promoter was named "sterile *var* transcript" since it was truncated and could not produce a full-length protein (only part of exon2 was detected \[[@bib160]\]). Recent investigations have identified an antisense RNA transcript of *var* exon1 produced by the intron promoters. This nonpolyadenylated RNA localizes to the chromatin of the *var* gene loci and potentially participates in the structural organization and epigenetic regulation of this gene family \[[@bib154]\]. Furthermore, transcription of sense and antisense sterile *var* transcripts was shown to peak simultaneously with lncRNA-TARE during parasite invasion \[[@bib67]\]. This suggests the unique functional coordination of lncRNA-TARE and sterile *var* transcripts upon parasite invasion and the importance of subtelomeric regions and their chromatin organization in this vital process.

Global transcriptional analyses of *P. falciparum* revealed a novel family of telomere-associated transcripts \[[@bib66],[@bib67]\] termed lncRNA-TARE, from the telomere-associated repetitive elements present at subtelomeres. Homologous lncRNA-TARE loci were mapped on 22 of 28 chromosome ends, and 23 lncRNA-TARE transcripts have been detected and characterized. lncRNA-TARE is long (about 4 kb), with high-GC content, and are transcribed toward the telomere (see [Fig. 3](#fig3){ref-type="fig"}). All of them showed coordinated and stage-specific expression after parasite DNA replication during an invasion, with two major transcripts ranging from 1.5 kb to 3.1 kb, starting at the extremity of TARE-3 in the direction of the telomere. Moreover, identified lncRNA-TARE sequences were systematically enriched with transcription factor binding sites (SPE2 recognized by PfSip2) found only at upsB-type *var* gene promoters. PfSip2 specifically binds subtelomeric SPE2 sites to participate in the silencing of *var* genes \[[@bib161]\]. Since PfSip2 is expressed and binds SPE2 sites at the stage of maximal lncRNA-TARE transcription, this suggests its implication in the regulation of the lncRNA-TARE locus. In turn, lncRNA-TARE locus could participate in regulating upsB-type *var* genes by directly or indirectly interacting with and/or recruiting PfSip2 \[[@bib66]\].

PO41 {#sec3.2}
----

Chicken subtelomeric regions contain multiple classes of tandemly repeated units comprising the same family and sharing a common ancestor. All subtelomeric repeats show structure and sequence similarities; their core repeat unit is 21 bp-long and contains (A)3--5 and (T)3--5 clusters separated by 5--7-bp sequences. Four major classes have been characterized to date: *CNM*, *PIR, Eco*RI*/Xho*I and *PO41* \[[@bib162]\]. The most abundant repeat type is *CNM* (chicken nuclear-membrane-associated \[[@bib163]\]), a tandem repeat with a unit size of 40 bp. *CNM* is dispersed within a large number of microchromosomes but is not present in macrochromosomes 1--5, ZW, and in some of the intermediate chromosomes 6--10. *PIR* (partially inverted repeat \[[@bib164]\]) represents a family of multiple types of partially inverted repeat units of about 1.2, 1.4, and 1.6 kb. The *PIR* sequence has been located only on chicken chromosome 8 and shown to spread over about 3.8 Mb. *Eco*RI/*Xho*I family comprises about 70% of the W sex chromosome \[[@bib165]\]. *PO4*1 that stands for "Pattern Of 41 bp" is a short subtelomeric sequence and is locus-conserved in all galliform species.

The transcription of these conserved subtelomeric repeats was firstly shown during the lampbrush stage of oogenesis \[[@bib166]\], and recently in somatic tissues (in brain, muscles, oviduct, intestine, and eye of adult chicken and Japanese quail females), during chicken embryogenesis, as well as in the chicken MDCC-MSB1 malignant cell line \[[@bib68],[@bib69]\]. The PO41 transcripts are transcribed from both strands, but in the cell, they predominantly exist in a single-stranded form with short double-stranded regions. In interphase, these long-lived ncRNAs seem to be retained in the nucleus and form one or two major foci with some PO41 transcripts dispersed in euchromatin. During mitosis, PO41 covers chromosomes. Arrays of the conserved PO41 repeat lie adjacent to the *CNM* repeat, which is transcribed during the lampbrush stage from both strands forming loop-specific patterns of G-and C-rich transcripts \[[@bib68],[@bib69]\].

The role of these transcripts remains elusive, but their features suggest the existence of dsRNA generation and RNAi-dependent mechanisms involved in the assembly and maintenance of heterochromatin at subtelomeres \[[@bib167]\]. Moreover, an interesting scenario concerning the role of these transcripts in embryo development has been proposed \[[@bib167]\]: single-stranded G and C transcripts could form long dsRNAs, which could then be processed into short dsRNAs and accumulate in oocytes. After fertilization, the dsRNAs would be transferred into the embryo and play a role in the regulation of the early stages of embryogenesis before activation of the embryonic genome.

Subtelomeric transcripts in Leishmania infantum {#sec3.3}
-----------------------------------------------

*L. infantum* is a protozoan parasite, a prevalent pathogen in humans. The ability of these parasites to survive is dependent on tightly regulated gene expression. It was recently evidenced that a novel class of sense and antisense transcripts are produced from subtelomeric, head-to-tail tandem repeats in a developmentally dependent manner. These RNAPII-dependent transcripts are spliced and polyadenylated. Localization experiments (FISH and sedimentation) indicate their presence in the cytoplasm and potential association with a small RNP complex \[[@bib71]\]. Overexpression of these subtelomeric transcripts at different developmental stages failed, proving their efficient degradation.

The role of these subtelomeric transcripts is still unknown, but their discovery confirms that our knowledge on subtelomeres is still incomplete and that more investigations need to be performed.

Human subtelomeric genes {#sec3.4}
------------------------

While the functions of some human coding and noncoding transcripts at subtelomere regions have been described in the literature, most remain incompletely characterized \[[@bib19],[@bib168], [@bib169], [@bib170]\]. The abundance of these transcripts and the regulation of their expression depend on their sequence and local chromatin status at the subtelomere encoding them, which potentially varies from one chromosome to another and within a population (reviewed in Ref. \[[@bib59]\]). The most important events shaping their transcription are (*i*) the CNV, which results in changes in the number and form of subtelomere gene alleles, and (*ii*) location of the genes at specific subtelomeres, which, due to the important variations in sequence and GC skew, impacts the binding of various factors and the formation of secondary structures. Thus, interindividual and even allelic variations in the expression of subtelomeric genes, coding and noncoding, could be a determinant for phenotypic differences in humans. Except for TERRA, described above, little is known about the majority of these telomere-proximal lncRNAs.

### WASH gene family {#sec3.4.1}

The WASH proteins participate in cytoskeletal organization and signal transduction and regulate the polymerization of actin filaments in response to external stimuli. They correspond to a third identified subclass of the highly conserved and widely expressed Wiskott-Aldrich Syndrome Protein (WASP) family \[[@bib19]\]. The WASH genes duplicated during evolution to multiple subtelomeric locations. The WASH protein family is single-copy in lower organisms and in early primates, but multicopy in great apes, with the highest copy number in humans \[[@bib59]\]. The WASH genes encode for short and long forms of the protein. The 3' exons encoding the short form are embedded in subterminal duplicon block C, the subtelomere part nearest to telomeric repeats \[[@bib55]\], whereas the full-length forms start near a CpG island, 20 kb from telomeres within 16 chromosome ends \[[@bib171]\].

Inter-individual and even allelic variations in the subtelomeric organization (sequence, copy number and/or telomere length) could influence WASH gene expression. Accordingly, differences in the sequences and number of intact copies, as well as their location within the subtelomere, were observed \[[@bib19]\]. Since WASH genes are widely expressed, mainly in hematopoietic tissues and some brain zones, those changes could lead to phenotypic differences and pathologies. In the same line, it was suggested that the overexpression of WASH genes observed in a breast cancer cell line could contribute to metastasis, as shown for other WASP proteins (N-WASP and the SCARs \[[@bib172],[@bib173]\]).

### RPL23AP7 gene family {#sec3.4.2}

The second major family of subtelomeric transcripts consists of genes that are related to a ribosomal protein pseudogene RPL23AP7. Similarly to the WASH gene family, RPL23AP7 exists in two forms, interrupted and full-length open reading frames \[[@bib55]\]. Intriguingly, the RPL23AP7 pseudogene and WASH genes are transcribed in the same orientation, and their 3' end positions correspond to TERRA TSSs. This raises the question of whether these transcripts are coregulated or how they impact each other \[[@bib59]\].

### DDX11L {#sec3.4.3}

This is a novel transcript family, which maps to 15 subtelomeric locations in humans \[[@bib70]\]. The DDV11L gene originated as a rearranged portion of the primate DDX11 gene, which propagated in multiple subtelomeric locations in human chromosomes. Initially described as a pseudogene of the CHLR1-related helicase gene (CHLR1, homologous to CHL helicase of *S. cerevisiae*), the DDX11L family seems to be transcribed in many human tissues and subjected to canonical splicing. Although their biological function remains unknown, transcription of DDX1L regions suggests that this gene has emerged from an inactive pseudogene and is still undergoing a neofunctionalization process \[[@bib70]\]. Interestingly, each DDX11L gene is neighbored by telomeric repeats and WASH genes at its centromere-proximal end and is transcribed in the opposite direction to WASH genes, away from the telomere. It is unknown if and how transcription of DDX11L impacts the transcription of WASH genes.

### D4Z4 {#sec3.4.4}

Analysis of the subtelomeric regions revealed that interchromosomal exchanges took place in primate subtelomeric regions in recent evolution \[[@bib174],[@bib175]\]. By analogy with segmental duplications in general, subtelomeric repeats are important for chromosome rearrangement and instability. Subtelomeric loci have been proposed to increase gene diversification by subtelomere-to-subtelomere interchromosomal exchanges (ectopic recombination), which lead to sequence rearrangements (intels, duplications, SNP). Due to their repetitive character, subtelomeres are unstable and provide all the elements for the quickest genetic adaptation to occur by promoting sequence recombination and duplication in an allele independent manner \[[@bib176]\].

Subtelomere-associated diseases are the direct consequences of these features. Long-range interactions of telomeres with subtelomeric genes can regulate the expression of specific subtelomeric genes, and in some contexts, the *de novo* deletion of duplicated subtelomeric genes can cause diseases. For example, the type I immunodeficiency centromeric instability and facial anomalies syndrome (ICF1), the fascioscapulohumeral muscular dystrophy (FSHD), and some mental retardations are due to subtelomeric dysfunction. ICF1 involves limited DNA hypomethylation caused by mutations in the DNMT3B gene \[[@bib176]\]. In ICF1 patients, subtelomeres are hypomethylated, and abnormally elevated TERRA levels and short telomeres are observed. In consequence, some chromosome rearrangements occur. The FSHD is caused by deletions of the subtelomeric D4Z4 locus \[[@bib177]\] due to the exchange of the tandemly repeated subtelomeric D4Z4 sequence tract between 4q and 10q telomere regions \[[@bib178],[@bib179]\]. The size of the 4q and 10q' D4Z4 repeats is highly variable in individuals. The contraction of D4Z4 to the critical size associated with local hypomethylation and changes in chromatin relaxation at subtelomeres increases the likelihood of toxic *DUX4* (4q35.2) gene expression in skeletal muscle. It is thought that this disease results from CNV and TPE modifications at subtelomeres. Additionally, it has been proposed that cryptic subtelomeric rearrangements, known to occur in humans, could account for 7.4% of patients with unexplained mental disorders \[[@bib180]\].

Conclusions {#sec4}
===========

The subtelomeres are regions bearing various functions. They determine telomere maintenance, the formation of telomeric clusters, chromatin state regulation, chromosome stability, and production of a variety of transcripts. Telomere-proximal repeats, composing TAS elements, produce mainly noncoding transcripts (*i.e.* ARRET, αARRET, subTERRA, lncRNA-TARE, ARIA and TERRA) while telomere-distal regions contain mainly the subtelomeric gene families. Subtelomeric genes evolve faster than nonsubtelomeric gene families and support rapid clonal phenotypic switches. These are important for survival and proliferation in hosts, as shown for parasite antigenic variation genes (in *Plasmodium*, *Leishmania,* and *Trypanosoma*) or rapid adaptation to novel niches (for yeasts). In humans, well-known subtelomeric genes important for phenotypic variations are the olfactory receptor and immunoglobulin heavy chain genes \[[@bib18],[@bib181]\].

The regulation of subtelomeric gene transcription also involves chromatin. One of the particularities of subtelomeric regions is reversible silencing mediated by TPE through binding of proteins to the telomeres and interacting with subtelomeric proteins and/or sequences. TPE and TAS noncoding transcription contributes to gene switching and mutually exclusive expression. Further investigations would be necessary to explore these novel types of regulation. Interestingly, coregulated expression of lncRNA-TARE and sterile *var* transcripts, as well as regulation of *var* genes by sterile *var* transcripts suggest that the expression of one noncoding RNA would impact the transcription of another one. This could be achieved by changes in chromatin state by ongoing transcription or the recruitment of specific factors by the produced RNA (in *cis*). It has not yet been addressed whether these transcripts could also act on loci located at different subtelomeres *(in trans)*. Some inputs coming from TERRA studies show that TERRA acts in *trans* and in *cis.* TERRA forms telomeric R-loops impacting replicative senescence and parallel-stranded G-quadruplexes, which are important in higher-order structure formation potentially implicating RNA:DNA hybrids \[[@bib182]\].

The presence of complementary subtelomeric noncoding RNAs, as detected in chicken, *P. falciparum,* and yeast cells, suggests their implication in chromatin formation through a siRNA mechanism. It is easily imaginable, but still not proved that long dsRNAs are processed to form siRNAs and nucleate heterochromatin. This mechanism would not be possible in the *S. cerevisiae* budding yeasts since they lack all components of the siRNA machinery, suggesting the implication of a different mechanism. One can imagine that dsRNA regulates the population of ssRNAs, which have been shown to regulate TPE and telomere clustering when accumulated \[[@bib65]\]. dsRNAs, since potentially more stable, could serve as a reservoir of ss-forms. In this case, helicases and RNA decay systems would be implicated in their degradation and regulation \[[@bib141]\]. Recent results have implicated TERRA in the regulation of gene silencing throughout the genome. These have given a new direction in the field of telomeric and subtelomeric transcription.

Perspectives {#sec4.1}
------------

Subtelomeric transcription has been discovered quite recently; thus, the field is still in its early days. The role of subtelomeres and emerging domains of subtelomere-associated transcription will benefit from progress in the analysis of subtelomere structures and sequences in various organisms. This step is necessary for the creation of tools to answer more specific questions. The important input into subtelomeric transcript characterization could come from the identification of subtelomeric transcript interacting factors and binding through the genome. Using RIP \[[@bib183]\], ChIRP \[[@bib184]\], and CHART \[[@bib185]\] experiments would be informatory for their role and mechanism of action. Nonetheless, the most important step forward, in our opinion, will be the improvement of methods allowing subtelomeric transcript gain and loss of function experiments (over-expression, as well as complete depletion), keeping in mind cell-cycle or cell development specificities. This may be achieved by specific and fine regulation of transcription (manipulation of promoter sequences and transcriptional activators). For example, the use of sequence-specific antisense oligonucleotides (ASO) already allows specific degradation of targeted transcripts, which permits the analysis of the impact of their depletion. In addition, single-cell experiments will be a precious source of information to determine the causal link between subtelomere genetic engineering and cell fate.
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